INTRODUCTION

The amphipod, Corophium volutator (Pallas) occurs in dense populations within estuarine muds of northern temperate regions (Schellenberg I928, 1942; Crawford 1937; Segerstrale 1959 ). These animals inhabit burrows and feed on particles of mud (Hart 1930;  Meadows & Reid I966) . Although aspects of the morphology and function of the digestive system in a number of species of the Amphipoda have been described (Thiem 1941 ; Martin I964; Kannerworff & Nicolaisen I969), none of these studies has investigated in detail the morphology of all regions of the gut. In particular, studies on the fine structure of the gut are restricted to the hepatopancreatic caeca in Orchestia platensis and Gammarus locusta (Moritz et al. 1973) and Gammarus minus (Schultz 1976 ) and the posterior caeca of Orchestia cavimana (Graf & Michaut 1977, I 980) . In this paper the morphology and fine structure of the foregut, midgut and hindgut are described in detail. The general features of the gut of C. volutator have been outlined by Agrawal (i 963 a) but some aspects of the description do not concur with the observations made here.
MATERIALS AND METHODS (a) Specimens
Animals of both sexes were collected from the mud on the foreshore of the Menai Strait, Anglesey, North Wales. Only adults of body length greater than 5 mm were used for the description of the morphology and most were at intermoult. However, the morphology of the digestive system of juveniles between 3-5 mm length, was examined to ensure that no substantial changes occurred during growth and development.
7-2 (b) Microscopy
The general morphology and fine structure of the gut was examined by the techniques described in schedules 1-3. In general, only animals with an empty gut were prepared for light and transmission electron microscopy (schedules 1 and 2), because those that had ingested particulate material could not be sectioned readily. The effect of food on the form of the gut was investigated by scanning electron microscopy, using the freeze-fracture technique described in schedule 3.
(i) Schedule 1
Animals were fixed in Bouin in seawater overnight at a temperature of 60 'C. The picric acid in this solution was extracted from the fixed tissue by immersion in an aqueous solution containing 1l0 mg ml-' lithium carbonate for 1 h and then rinsing under running tapwater for 5 min. The tissue was dehydrated overnight in two changes of 2-ethoxyethanol (Cellosolve) and then embedded in ester wax. Thick sections were cut and stained with an aqueous solution containing 5 mg ml-' azocarmine and Mallory's triple stain.
(ii) Schedule 2
The alimentary canal was fixed for 2 h in a solution of 24 mg ml-' glutaraldehyde in seawater at 4 'C, which was buffered at pH 7.2-7.4 and adjusted to 1020-1030 mosmol. It was rinsed in buffer and post-fixed for 1 h in 10 mg ml-' osmium tetroxide in seawater. After rinsing in seawater for 1 h, it was dehydrated in ethanol and embedded in a low viscosity epoxy resin. Sections for light microscopy were stained in an aqueous solution containing 10 mg ml-' toluidene blue and 10 mg ml-' borax. Sections for transmission electron microscopy were stained in an aqueous saturated solution of uranyl acetate followed by lead citrate.
(iii) Schedule 3
Animals were fixed in a solution of 24 mg ml-' glutaraldehyde in seawater at room temperature for 2 h. The pH and the osmolarity were adjusted as in schedule 2. The tissue was rinsed for 1 h in seawater, dehydrated in ethanol and then immersed for 1 h in acetone. Each animal was frozen rapidly in liquid nitrogen and fractured transversely with a razor blade. The fractured specimens were returned to acetone and critical point dried from liquid carbon dioxide. The dried material was mounted on aluminium stubs, coated either with carbon and gold-palladium by evaporation or with gold by d.c. sputtering, and examined by scanning electron microscopy.
ORGANIZATION OF THE DESCRIPTION
An introduction to the morphology of the gut is presented with figure 1 relating the different regions to the external features of the animal. Subsequently, each major region of the gut is described in detail under separate headings. 
GENERAL FEATURES OF THE ALIMENTARY CANAL
The alimentary canal comprises a foregut, midgut and hindgut. The foregut and hindgut are derived from stomodeal and proctodeal ectoderm, respectively, and are lined throughout with cuticle. The midgut is derived from endoderm and has no cuticle.
The foregut is partly located within the cephalon (c. in figure 1 The hindgut (h.) unites with the midgut within the junction of the second and third abdominal segments and continues to the telson (t.) where it opens through the anus (a.).
As an aid to understanding the structure of the gut, the principles underlying its function are described. The digestive cycle is characterized by a short period of primary digestion, and a much longer period of secondary digestion. The primary process occurs in the stomach where ingested particles are confined to a channel within the gut lumen. These particles are supplied with enzymes and fluids from the ventral caeca. Any fine or soluble material released from the surface of the particles is filtered into channels and transported to the ventral caeca. The residual particles are transported posteriorly along the intestine and eventually released as faeces from the hindgut. In the ventral caeca, material is digested by the secondary process and the products are absorbed by the epithelium. The tissues in the posterior region of the gut are involved in excretion and reabsorption. Evidence for these conclusions is provided in this paper and by further work to be described in another publication.
MOUTH AND OESOPHAGUS
The mouthparts are arranged vertically with the mandibles (md. in figure 3a) forming the uppermost elements adjacent to the mouth (mo.). The oesophagus (o. in figure 2a) Ventral to the ampullae (figure 3b; figures 6 and 7, plate 1) the lumen between the oesophagus and the stomach is screened by setae (s) which cover a complex arrangement of internal, longitudinal folds (f) in the walls of the gut.
GENERAL
FEATURES OF THE STOMACH
The stomach is separated into the cardiac (cd.st.), pyloric (pl.st.) and funnel (fu.st.) regions (figure 2 a; regions are divided by dotted lines in figure 3, inset). The cardiac or anterior region is separated from the pyloric region by discontinuities in some of the epithelial ridges and in the main linear arrangements of setae. There is also complete discontinuity in the arrangement of the musculature between the two regions (figure 2b). The funnel or posterior region of the stomach takes the form of a comparatively simple tube, devoid of setae. Longitudinally, the lumen of the stomach is divided into the food (fo. in figure 3), circulation (cl.) and filtration channels (fl.). The food and circulation channels extend the length of the stomach, but the filtration channels terminate at the entrance of the ventral caeca. The circulation channels also connect with the ventral caeca via a valve (figure 3/h) having gradually changed position along the length of the pyloric stomach, but the food channel has no direct contact with these caeca.
CARDIAC
STOMACH
In the cardiac stomach, the food channel dominates the lumen (figure 3c); the circulation channel is located dorsally, the filtration channels ventrally.
Adjacent to the ampullar system, the circulation channel occupies the full width of the stomach and is separated from the food channel by two rows of setae (s.cl. in figure 3c; 
ANTERIOR DORSAL
CAECA AND INTESTINE
The small undifferentiated cells at the blind ends of the anterior dorsal caeca increase in volume and develop a dense microvillous border as they migrate proximally. The microvilli (mv.) have a central core of fibrils which are embedded in a dense band of amorphous material situated in the apical region of the cell ( figure 32, plate 8) . Also, apically, a septate junction of the continuous type (Satir & Gilula 1973) occurs between the lateral membranes of adjoining cells. Ventral to the septate junction, the lateral membranes are straight and unspecialized.
In section, neighbouring cells of the anterior dorsal caeca have marked differences in density which can be attributed primarily to variations in the number of free ribosomes (figure 29, plate 7). In addition, mature cells have numerous cisternae of smooth endoplasmic reticulum (arrow) which occur primarily in the basal region ( figure 29, plate 7) .
The basal lamina (b.l. in figure 29, plate 7) , which encompasses the epithelium of the anterior dorsal caeca and the intestine, is a layered structure; a thick band of dense material, which is consistently 0.2 pim in thickness, abuts the basal membrane of the epithelial cells and is surrounded by dense bands which have an aggregate thickness ranging from 0.3-1 pim. In transverse section, the dense bands appear beaded ( figure 29, plate 7) , except towards the posterior end of the intestine where they are smooth ( figure 32, plate 8) . In regions where the caeca are attached to the cuticle of the funnel, the bands increase in number and undergo massive folding. Here the aggregate thickness of the layers of the basal lamina increases to around 2 gm.
Fine nerve processes containing neurosecretory granules (n.g. in figure 29, plate 7) occur in the basal region of epithelium, at the proximal end of the caeca.
The epithelium of the intestine is continuous with that of the anterior dorsal caeca. Posterior to the funnel, the volume of the intestine lumen changes according to the absence or presence of food; when empty, the lumen is reduced and the epithelium is folded to form villi ( figure  4a, figure 30, plate 7 and figure 32, plate 8) . However, when full, the lumen is expanded and the epithelium forms a thinner, unfolded lining ( figure 31, plate 7) . The fine structure of the epithelium at the anterior end of the intestine is similar to that described for the columnar epithelium of the anterior dorsal caeca. However, towards the posterior end of the intestine there is a progressive reduction in the differences in density between neighbouring epithelial cells ( figure 32, plate 8) . This is associated with the domination of smooth endoplasmic reticulum in all the cells and the reduction in the number of free ribosomes and rough endoplasmic reticulum. Occasionally, a cephaline gregarine occurs in the lumen of the intestine ( figure 33, plate 8) .
At the posterior end of the intestine the cuticularized epithelium of the hindgut (h.) protrudes anteriorly along the midline of both the dorsal and ventral regions of the gut wall (figure 4b). Posteriorly, the dorsal protrusion of the hindgut progressively expands until it restricts each half of the midgut tissue to the ventrolateral margins (figure 4c). Finally, these remnants of the midgut separate from the hindgut to form the posterior caeca ( figure 4b, c, d) .
The fine structure of the junction of the midgut and hindgut is similar to that between the foregut and the midgut. There is a deep cleft (* in figure 34, plate 8 
HINDGUT
The hindgut (h.) varies in shape along its length when empty. Essentially, opposing walls of the gut come together to produce a lumen which is flattened in transverse section. However, this effect is produced, anteriorly, by the dorsal and ventral walls (figure 4c, d; figure 36, plate  9) and, posteriorly, by the lateral walls (figure 4 e,f ) . When the lumen is full, the wall is unfolded (figure 37, plate 9) and becomes circular in transverse section.
The epithelium is lined with cuticle which is continuous with the external surface. Apart from the posterior regions, this cuticle is covered with short stout setae ( figure 36b, plate 9) . At the telson (t. in figure 1 
VOLUTA TOR 67 16. AN INTERPRETATION OF THE FUNCTION OF THE GUT FROM ITS STRUCTURE (a) Foregut
Detrital material selected by the mouthparts is transferred to the entrance of the stomach where the lateral ampullae act as a valve. When the valve is open, food is collected from the oesophagus by the 'basket-like' arrangement of setae on the ampullae ( figure 8, plate 1) . At the same time, the setae on the posterior face of each ampulla (s. 2, s. 3) prevent reflux of material already transported to the stomach. When the valve closes, the contents of the basket are delivered into the stomach and the setae on the free margin (s. t in figure 8, plate 1) prevent reflux into the oesophagus. The lumen, both dorsal and ventral to the valve, is occluded by setae ( figure 6 and 7, plate 1) .
The digestive process in C. volutator is based on the close association between the stomach and the ventral caeca. In many 'higher' Crustacea, these caeca or their equivalent produce most of the digestive enzymes and are involved, also, in the final processes of digestion (see review by Gibson & Barker (I 979)). Within the stomach, the bulk of the food is restricted to the food channel which has no direct contact with the ventral caeca. However, the circulation and filtration channels connect the food channel with the entrance of the ventral caeca. This entrance is protected by the spigot of the valve (sp. in figure 2a; figures 17 and 18, plate 4) . When the spigot is raised dorsally, the circulation channels make direct contact with the entrance. At the same time, the continuity between the filtration channels and this entrance is restricted because the lateral walls of the stomach are flexed against the basis of the ventral pyloric ridge (bs in figure 16, plate 4) . In contrast, when the spigot seals into the fissure, the entrance to the ventral caeca has continuity with the filtration channels and no connection with the circulation channels. Thus, the mode of operation of the valve indicates that the two types of channel transport separate materials, a view which is supported by differences in the filter system. The circulation channels are screened along the length of the cardiac and pyloric stomach by single rows of setae; the filtration channels are screened similarly in the cardiac stomach but in the pyloric stomach there is an elaborate two part filter system. From the structure of the stomach, it is evident that the ventral caeca can supply fluids and enzymes along the circulation channels to the ingested detritus in the food channel at the anterior end of the stomach. These materials are mixed together by the contractions of the musculature in the cardiac stomach, which cause the ventral cardiac ridge (c.r. in figures 2a and 3c) to separate the ingested material into two halves ( figure 10, plate 2) . In the pyloric stomach this separation is enhanced by the intrusion of the vertex of the ventral pyloric ridge (vx in figure 17, plate 4) into the lumen of the food channel. Furthermore, in the pyloric stomach there is a marked reduction in the area of the transverse section of the food channel. These features bring a greater proportion of the food in direct contact with the wall of the gut and facilitate the access on enzymes. Therefore, in the pyloric stomach, soluble material and fine particles are probably extracted more efficiently than in the cardiac stomach where there is less contact between the food and the structures of the gut.
Material with a diameter of 2 gm or less can pass from the food channel into the filtration channels, either through the single layer of setae on the cardiac stomach or through the dense array of setae that forms the first filter of the two part filter in the pyloric stomach (f. I in figure   11 , plate 2). All the material drawn into the filtration channels is filtered further through the setulose membranes of the second filter ( figure 14a, b, plate 3) . Only particles less than 0.06 pim 8-2 in diameter can reach the entrances of the ventral caeca. Setae and folds on the ventral pyloric ridge and the walls of the stomach, between the food and filtration channels, prevent contamination of the final filtrate ( figure 16, plate 4) . The valve at the entrance to the ventral caeca also prevents contamination of the final filtrate by material from the circulation channels which are confluent with this region of the gut.
Contractions of the muscles, which encompass the base of the pyloric stomach, bring the dense setae on the lateral walls of the gut ( figure 15, plate 3) into contact with the 'filter membrane' of the second filter. Thus, material retained on the filter is swept dorsally by the brushing action of these setae. Eventually this residual material is probably returned to the food channel by the movement of the long, thick, setulate setae (arrow in figure 15, plate 3) , dorsal to the dense setae.
Enzymatic digestion of residual material in the food channel can continue in the funnel of the stomach, posterior to the entrance of the ventral caeca. Products of digestion in this region may be transferred anteriorly along the circulation channels and eventually enter the ventral caeca for further processing. Essentially, the differentiated cells of the anterior dorsal caeca have a normal complement of organelles ( figure 29, plate 7) , but they are not as highly differentiated as the cells of the ventral caeca. They probably make a minor contribution to the digestive processes. However, there is experimental evidence that the posterior caeca ( figure 35, plate 8) are not involved in digestion (Icely I98I). They and the posterior region of the intestine, have characteristics of epithelia that transport ions and water. These include a dense microvillous border, extensive development of smooth endoplasmic reticulum, and numerous mitochondria which often have a dense matrix. These tissues are able to synthesize only a limited amount of material since they have few free ribosomes and no rough endoplasmic reticulum.
The food bolus within the intestine is held together by a mucoid substance which acts presumably as an alternative to the peritrophic membrane, lubricating the passage of the bolus and protecting the epithelium from abrasive action. The food also produces a marked increase in the volume of the gut which is limited by the basal lamina. The basal lamina is much larger and more complex than it is in the ventral caeca. The function of the fine nerve cell processes which occur between the cells in the epithelium of the anterior dorsal caeca (n.g. in figure 29, plate 7) is unknown.
(d) Hindgut
The transport of material along the hindgut is effected by the substantial muscles which encompass this region. The movement of material is also assisted by the short stout setae which are directed posteriorly and cover the cuticle in the anterior and middle region (s. in figure 36 b, plate 9). Apart from the posterior region of the hindgut, the fine structure of the epithelium is similar to the 'ion pump' system which has been described in insects (Wall & Oschman 1975) . In this system, mitochondria are closely associated with extensive folds of the basal cell membrane and an apical microvillous border underlying the cuticle (figures 38 and 39, plate 9). This pump may serve to maintain the normal ionic concentration of the blood. Faeces are ejected by the combined contractions of the intrinsic and extrinsic muscles at the posterior of the hindgut. In contrast to the foregut, the midgut (see paragraph above for references) differs in structure between species of the Gammaridea. There are differences in both the number and sizes of the caeca although the arrangement is similar to that of C. volutator. In the Caprellidae, the arrangement of the midgut is similar to that of the Gammaridea, but there are fewer variations; the posterior caeca are vestigial. The midgut of the Cyamidae has only an intestine and a pair of ventral caeca arising from the posterior end of the foregut. The midgut of many hyperiids also comprises only an intestine and a pair of ventral caeca but, in contrast to the Cyamidae, the caeca are shorter and arise from the foregut immediately posterior to the oesophagus, while the anterior region of the intestine is enlarged considerably. In some parasitic hyperiids this region of the intestine is not enlarged (Evans & Shaeder 1972 ; Brusca I98I).
DiscuSSION
The hindgut has not been described for many amphipods. However, comparisons between the present work on C. volutator and other British species, indicate differences in size and degree of folding within the gut wall (Agrawal I964, I966).
Agrawal (I964, I966) suggests that differences in the structure of the gut are usually associated with differences in the size of the food particles. Presumably, the availability, diversity and nutritional value are also of importance. Thus, the relatively complex gut in the Gammaridea and Caprellidae enables the animals to extract nutrients from bulky food of relatively poor nutritional value in comparison with the simple, reduced gut of parasitic amphipods including the Cyamidae (Keith I974) and some hyperiids (Evans & Shaeder I972; Brusca I98I). The enlarged stomach and anterior intestine of carnivorous hyperiids enable prey to be stored during digestion (Shaeder & Evans I975).
The various combinations of anterior, dorsal and ventral caeca in gammarids are not readily attributable to differences in diet or habitat. However, the posterior caeca differ in length according to the habitat (Graf I968), being much shorter in marine animals than in brackish water, freshwater or terrestrial animals. The other sub-orders are exclusively marine and have either vestigial or no posterior caeca. Differences in the structure of the hindgut may also be related to habitat differences. and, in some species, surplus ions can be secreted into the gut from the blood (Bradley & Phillips 1977) . At present, it is not known whether the 'pumps' occur in other amphipods.
In the decapods C. magister, H. americanus and H. gammarus, Mykles (I 979) observed numerous mitochondria within the apical cytoplasm of the hindgut. Furthermore, the lateral and basal cell membranes are highly folded but, in contrast to C. volutator, mitochondria are not associated with either these folds or the microvillous border. These infoldings apparently enable the epithelium to stretch when the lumen is full (Mykles 1979) . Although the hindgut in decapods does not apparently have 'ion pumps', Malley (1977) has demonstrated the transport of ions across the epithelium in Panilurus argus. Terrestrial isopods have 'ion pump' systems (Clifford
